and Brander (unpublished data for 1976) . The open bars for [1973] [1974] [1975] [1976] are population sizes on an enlarged census area (2.83 kmz) encompassing the original census area.
established (Brander and Books 1973; Irvine and Brander 1971; Powell 1976; Powell and Brander 1977) . The porcupine population was apparently at its carrying capacity at the time of the fisher reintroduction. Since then, the porcupine population in a sample study area has declined remarkably as a result of fisher predation (figure 1; Brander and Books 1973; Powell and Brander 1977; R. B. Brander, unpublished data) . Because complex model ecosystems tend to be unstable (May 1973) , and because the porcupine population in ONF has so markedly decreased in size, it is possible that a predator-prey community including fishers, porcupines, snowshoe hares, and deer carrion might be unstable, and that porcupines, fishers, or both could become locally extinct in O N F in the not too distant future.
METHODS
Five deterministic difference equation models with I-yr intervals were derived for one-predator-one-prey communities. These models were then changed to one-predator-three-prey communities. Community matrices were used to test for stability in the neighborhood of the equilibrium points (one-prey) or stable cycles (three-prey) for the model communities. Then all model communities were investigated for global stability over a broad range of population densities and for sensitivity to changes in parameter values in the models using computer simulation on a WANG 720C. Use of difference equations is justifiable because fishers and porcupines reproduce only once a year, and yearlings are reproductively active (May 1973) .
The simulations were run for populations per 100 km2. One-quarter of the area was snowshoe hare habitat (similar to the fisher habitat studied in ONF; see Powell 1977 Powell , 1978 . Hare population density extremes were taken from Green and Evans (19400, 1940b, 1940~) . Porcupine carrying capacity was calculated from Brander and Books (1973) and Powell and Brander (1977) . Maximum predation rate in models 3,4, and 5 was assumed to be 5-10 times fisher requirements (see Powell 1977 Powell , 1979 . The communities were judged unstable if the porcupine population dropped below 1 or the fisher population dropped below 0.5 (populations which imply extinction in the real world) within 100 yr. Values for all other parameters in the models were calculated from natural history and from behavior and energetics studies described elsewhere (Powell 1977 (Powell , 1978 (Powell , 1979 .
THE MODELS
In one-predator-one-prey models, population size for the prey species (porcupines) at time t is denoted V(t); that of the predator (fishers) is P(t). The term representing reproduction of the prey behaves, near equilibrium, like the logistic equation for population growth. Symbols in the models are defined in table 1.
Model 1 .-
This is analogous to the Lotka-Volterra model for predator-prey interactions. Prey mortality and predator reproduction are modeled proportional to kilocalories available in the prey population.
Model 2.-Prey mortality in this model is taken from Gause (1934) with the consideration that the exponent might be other than 4 (Rosenzweig 1971) . Predator rate of increase is modeled as logistic with a carrying capacity proportional to the kilocalories in the prey population (adapted from Leslie 1948) . 
Prey mortality in this model is taken from Ivlev (1961) . Because reproduction and mortality of predators are strongly linked to the number of prey killed, I have modeled reproduction rate per predator to be proportional to predation rate divided by maximum predation rate, or
Also, predator mortality is proportional to the number of unkilled prey per unit time divided by the maximum predation rate, or
Prey mortality in this model is taken from Watt (1959) . Predator population change has been modeled as in model 4 except that Watt's expression for prey mortality has been used instead of Ivlev's.
To make models 1-5 one-predator-three-prey community models, snowshoe hares and deer carrion must be added. Because none of the prey compete with each other, hares and deer carrion can be added to the models as follows. The porcupine will be prey 1, the snowshoe hare prey 2 and deer carrion prey 3. Parameters in the models will have the appropriate subscripts.
Snowshoe hares are the classical example of a species with cyclic population size. Fishers are known to cycle in response to hare population cycles (Bulmer 1974 (Bulmer , 1975 . However, it is unlikely that fishers have a significant effect on hare population dynamics because of low fisher populations compared to other predator populations and because hares are known to cycle in the absence of predators (see Archibald 1977; Keith and Windberg 1978) . Consequently, hares can be modeled as a neutrally stable population unaffected by the fisher population. I modeled the hare population to have an equilibrium population density equal to the median population density found by Green and Evans (1940a , 1940b and to cycle like a sine wave when perturbed from equilibrium. Thus, where V,(t) is the hare population at time t, E? + H' is the maximum hare population size, H -H' is the minimum population size, and the integer f(O < f < 10) determines the phase of the function. Using 36t gives the popu1ation.a 10 yr cycle.
The major sources of deer carrion are car-killed, starved, and hunter-killed deer. Deer carrion has density-dependent removal, but new carcasses are added to the system at a constant rate independent of the number of carcasses already present. Deer carrion removal by fishers will be related to the number of carcasses and fishers, just as porcupine mortality is related to porcupine and fisher populations. Therefore, deer carrion removal can be modeled the same as porcupine mortality in models 1-5.
In one-predator-three-prey models, total predation by fishers is determined by 572 THE AMERICAN NATURALIST the total kilocalories in all prey populations (i.e., no switching; Murdoch andoaten 1975) . Predation on any one species will be proportional to its percentage of the total prey kilocalories. This assumption explains why models 1-5 were originally presented with prey in kilocalorie units. Consequently, in one-predator-threeprey models, predation on porcupines and deer carrion will be determined as:
kcal of
taken by V,(t) total kcal prey taken by fishers, fishers where Vi(t)is either Vl(t) or V3(t)and V,(t) is the total kcal of prey at time t: V,(t) = j,Vl(t) + j2V2(t) + j3V3(t). As an example, in model 2
Predator population dynamics are determined by total kilocalories in the prey populations, V,(t), in all models.
RESULTS
The equilibria for the five one-predator-one-prey model communities are given in table 2.
For the parameter values calculated by Powell (1977) all models are stable for both one prey and three prey. Table 3 shows the calculated parameter values, the equilibria, and the eigenvalues (A) for the five one-predator-one-prey models. Following perturbation models 1 and 2 return to equilibrium with damped oscillations, whereas models 3-5 return asymptotically. Equilibria and eigenvalues for the one-predator-three-prey models could not be calculated because of the complexity of the four simultaneous equations in four variables which needed to be solved. However, using the calculated parameter values in table 3, the signs for the five one-predator-three-prey community matrices ( A )are (the fisher is species 4):
Computer simulations of the one-predator-three-prey model communities resemble stable limit cycles.
Sensitivity analysis results are shown in table 3. Table 4 shows the ranges of oscillations of fishers, porcupines, snowshoe hares, and deer carrion found by computer simulation of models 1-5 with the parameter values given in table 3.
Porcupine population size from 1962 to 1976 in ONF is shown in figure 1 . The . . . . . .
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... . . . values and eigenvalues for one-predator-one-prey forms of the models. Instability is defined as P ( t ) < .50 or V , < 1.0 when t s 100 yr. Only one parameter was tested at a time; other parameters were held at calculated values. *Those parameters for which the stability range is larger for a given model in its one-predator-oneprey form than in its one-predator-three-prey form. fisher population in 1962 in the same sample study area was about one fisher per 100 km2 (Irvine et al. 1962 (Irvine et al. , 1964 and in 1972 to 1976 ranged from four to eight fishers per 100 km2 (Powell 1977) . For both one-predator-one-prey and one-predator-three-prey model communities, large perturbations (including fisher and porcupine population sizes similar to those in 1962 in ONF) do not lead to values of predator or prey which imply extinction in the real world. In all models, V,(O) must be much greater than K , for extinction of porcupines or fishers to occur, and P(0) has no lower limit except that imposed by extinction.
DISCUSSION
Because the fossil and subfossil records do not give concrete evidence of community stability, it would not have been surprising if at least one of the models had predicted extinction of either fishers or porcupines. However, the stable predator-prey relationship in all model communities makes the interpretation robust that fishers and porcupines have had a stable relationship over evolutionary time. What are some of the sources of this stability? Murdoch and Oaten (1975) found that (a) density-dependent prey reproduction, ( 6 ) a prey refuge, (c) an invulnerable prey age class, and (d) habitat spatial heterogeneity had stabilizing effects on the neutrally stable Lotka-Volterra predator-prey model. For a predator with alternative prey, stability was enhanced if the predator "switched." Maynard Smith and Slatkin (1973) found that a different one-predator-one-prey model was stabilized when differential hunting abilities for predators were incorporated into the model.
Of these potentially stabilizing factors, only density-dependent reproduction of porcupines was incorporated into the models investigated here. There is conflicting evidence as to whether porcupines have an invulnerable class. Coulter (1966) believed that large porcupines are safe from fisher predation, but Earle (1978) and Powell and Brander (1977) gave evidence that porcupines of all sizes are subject to fisher predation. Porcupines do not have a refuge, and there is no spatial heterogeneity in the habitat as considered by Murdoch and Oaten (1975) . There is no evidence concerning whether fishers switch between prey in response to changes in prey density. Furthermore, the large differences in energy available and risk 576 THE AMERICAN NATURALIST between porcupines and other prey (Powell 1977 (Powell , 1979 ) would make switching difficult to recognize and interpret. There is some evidence that young fishers do not have the hunting ability of old fishers (Coulter 1966; Kelly 1977; Powell 1977) . May (1973) showed that, contrary to popular belief, adding species to a community has a destabilizing effect on almost all model communities for a broad class of models. However, with the rather different model communities investigated here this was not the case: Increased number of species did not lead to community instability. Porcupine and fisher population sizes in table 4 more closely resemble population estimates than the equilibria in table 3. The eigenvalues show that the five one-predator-one-prey model communities have neighborhood stability; unfortunately the eigenvalues for the one-predator-three-prey communities could not be calculated for comparison. Sensitivity analysis results can be compared. Over all five models, there are 36 parameters which can be compared between the one-prey and three-prey communities. Of those parameters, almost two-thirds have larger stability ranges in the three-prey communities than in the one-prey communities, and a further one-fifth are not contained in the one-prey community stability ranges. Taken as a group, the three-prey model predator-prey communities are more stable than the one-prey communities. Only in model 1 were more than one-half the stability ranges smaller for the three-prey community, while in model 5 all ranges were larger for three-prey. Taken individually, only in model 1 was the one-prey community more stable than the three-prey community.
It was expected that computer simulation of the one-predator-three-prey model communities should resemble stable limit cycles. The community matrices of these models imply that real communities described by the models should have qualitative stability and that the cycling hare population would drive stable populations into stable cycles. The necessary and sufficient stability criteria for an m x m matrix ( A ) for which only the signs (+, 0, -) of the elements are known follow (May 1973) .
1. aii 0, for all i.
2. aii # 0, for at least one i. 3. aijajiS 0, for all i # j.
4. For any sequence of three or more indices, i,j, k, . . . , q , r (with i # j # k # . . . # q # r), the product aijajk. . . aurari= 0.
For the community matrices of models 1-5 with three prey, criteria 1, 2, and 4 are immediately met. Values of a,, and a,, (the effect of carrion on porcupines and vice versa) are so small that the product a,,a,, is essentially 0, satisfying criterion 3. Also, in reality a,, would be negative because the small effect fishers do have on the hares is negative, satisfying criterion 5. This implies that the real communities described by this set of matrices should have qualitative stability. The community matrices of the model communities investigated here do not depart far enough from criteria 3 and 5 to cause the computer simulations to depart from apparent limit cycles. May (1973) showed that competition is destabilizing in model communities. The signs of the community matrix for a one-predator-three-prey community where the prey do not compete and all have at least partially density-dependent reproduction are This matrix satisfies all five criteria for qualitative stability. The signs of the community matrix for a one-predator-three-prey community where the prey do compete and all have at least partially density-dependent reproduction are There is no way that this matrix can meet criteria 3 and 4, so real communities described by this matrix cannot be qualitatively stable. Competition between prey is responsible for the loss of qualitative stability in such communities. This means that these communities can only be stable for particular magnitudes of the elements in the community matrix.
One important reason that the one-predator-three-prey model communities presented here are stable is that the prey species do not compete. Even though the construction of the communities was based on one real community, the model types were diverse and the community matrices general, making this conclusion applicable to a wide range of communities. No competition or limited competition appears to be common in real communities. This may be due to group selection for stable communities (Gilpin 1975) , or more likely due to reduced competition because of environmental variability (Wiens 1977) . Low competition between prey species may thus be a stabilizing factor for many predator-prey communities. If interspecies interactions besides competition (e.g., predation) occur in a community, competition may be of minor importance to community stability. This is not to say that competition is not important to prey species. However, in a predator-prey community one must evaluate the importance of competition between prey relative to the importance of predation pressure and prey food, habitat, and temporal specificity. May (1973) showed that complex model communities tend to be less stable than simple model communities, but noted that complex real communities do appear to be stable. Therefore research should seek to elucidate what kinds of complexities are stabilizing.
SUMMARY
Five model predator-prey communities, developed from the literature and based on the fisher-porcupine-snowshoe hare-deer carrion predator-prey com-munity in Upper Peninsula Michigan, show stability in both one-predator-oneprey and one-predator-three-prey forms. In addition, most of.the one-predatorthree-prey communities are more stable than one-predator-one-prey communities. One major reason for this stability of the more complex communities is believed to be lack of competition between the prey. Lack of competition between prey is believed to be reasonably widespread in predator-prey communities.
